The Tectonic stress regime of Gulf of Guinea region has been studied by stress tensor inversion analysis for the area bounded by latitude -10.0 0 S to 4.0 o N and longitude -25 0 W to -11.0 0 E. A total of one hundred and four focal mechanism solutions, pertaining to the earthquake events which have occurred in this region, were used for this study. In order to decipher the stress pattern of this region, we have divided the region into four fracture zones namely Romanche, Chain-Romanche, Charcot and Ascension fracture-zones based on seismicity clustering, tectonics and available focal mechanism solutions. The seismicity pattern indicates that none of the nearby countries on the border line between the west Africa region and the gulf of Guinea is devoid of seismicity. Simultaneously, the stress tensor inversion in the four subzones of investigation indicates different types of stress orientations. All of these zones are characterized by varying principal axial directions. The orientation of the principal axial direction along Romanche, Chain-Romanche, Charcot and Ascension fracture-zones are along NE-SW, NE-SW, ENE-WSW and ESE-WNW respectively. The stress tensor inversion results indicate that Chain-Romanche, Charcot and Ascension fracture zones are characterized by extensional stress regime while Romanche fracture zone is characterized by strike-slip stress regime respectively. These patterns imply sea floor spreading activities in and around the mid oceanic ridges and the general orientation of the extensional stress regime is found towards the continents, along the line of migration / progression of earthquakes.
INTRODUCTION
The South Atlantic Ocean around the equator is known as the Gulf of Guinea. This gigantic water body borders most of the West African nations in the south and few of the central Africa nations in the west. Most of the countries located on the adjoining area of the gulf of Guinea are mega cities / national capitals and are highly populated, having their various boundaries to the south-Atlantic ocean (gulf of Guinea) and are regarded as stable and aseismic in nature ( Figure   1 ). Though, evidence of tectonic activities are numerous on the oceanic floor of this zone including submarine volcanic fields, seismicity and the mid Atlantic ridges, the tectonic activities / seismicity within the Atlantic ocean have a significant contribution to the intraplate seismic activities of the adjoining areas pertinent to the continental crust (Shimazaki, 1976) . This has resulted into accumulation of stress and successive migration / progression of occurrence of earthquakes toward the continental crust from its inherent secondary faulting.
Stress accumulated within the earth is often released in form of earthquakes, which take the form of foreshocks, main-shocks, aftershock and earthquake swarms (Michael, 1987) . This has been reflected in the identified seismically active zones of the gulf of Guinea, extending from the north of Ascension Island to the mid Atlantic ridge province. The seismicity pattern indicates clusters of earthquakes that are well observed within this region (Figure 1 ). This is substantiated by the evidence of earthquake migrations and successions. On the other hand, it was argued that the intra plate seismic activities on the continental crust of the West Africa is greatly affected by the seismic activities within the oceanic crust which is still very active. In general, stress accumulation in the province of intra plate zones takes a longer period of time to accumulate, hence the recurrence time for intraplate earthquakes is often found to be longer than the inter plate zones Shimazaki (1976) seen to be seismically quiet ( Figure 1) . Consequently, the orientation of its seismotectonic stress regime is poorly known.
Over the years, the information of the stress regime of a particular region could be obtained from stress tensor inversion of focal mechanisms of given sets of earthquake events occurring from a particular region, which is based on determination of stress field orientation (Martinez-Garzon et al., 2014) . However, the conventional methods of stress tensor determination are through inversion of focal mechanisms. Efforts towards writing up of a code and developing a more precise and accurate means of determining stress tensor have been carried out by various authors (Michael, 1987; Kiratzi, 1999; Abers, 2001; Yamaji, 2006; Zalohar and Vrabec, 2007; Angelier, 2008; de Vicente, 2008; Delvaux and Barth, 2010; Tirifu, 2011; Baruah et al., 2013 and Martinez-Garzon et al., 2014) .
In recent past, seismotectonics of the intraplate earthquake of the west Africa has been linked to the adjoining area of the gulf of Guinea province (Kutu, 2013 and Akpan et al., 2014) .
Attempts to determine the stress tensor and its orientation through in-situ and mechanical methods within this region were made to ascertain the bore-hole lithological-wall stability of the Asahnti deep gold mine in Ghana (Affam and Achibald, 2012) . In-situ stress determination, through ocean drilling project (ODP) integrated with focal mechanism solutions of earthquake events were carried out in order to have an in-depth knowledge of the structural, thermal and sedimentary processes that take place at the transform margine (Mascle et al., 1998) However, the Adjoining region of the gulf of Guinea (sub Shara West Africa) is far away from the plate boundaries but it has experienced devastating earthquakes on five occasions, thrice in Ghana, once in Togo and Guinea. During the period of 18 th December, 1636 (Ms = 5.7), 1862 (M L ~ 6.5 and Ms 6.5), 11 th February, 1907, on 22 nd of June, 1939 (Ms ~ 6.5 and Mb ~ 6.4) Accra earthquake in Ghana killed sixteen (16) people and one hundred and thirty three (133) others were severely injured. On 22 nd December, 1983 in Conakry-Guinea (Mw ~ 6.3) caused the death of three hundred (300) people and several others were severely injured including loss of properties (Juner, 1941; Blundell, 1976; Bacon and Quah, 1980; Yarwood and Doser, 1990; Amponsah, 2004 and Ramdani et al., 1984) . Similarly, in recent years, the region has also suffered from devastating volcanic eruption with estimated death of one thousand and seven hundred (1,700) people, only on 21 st of August 1986 (Fomine, 2011) . Other similar volcanic eruptions took place in the year 1999 and 2000 (Such et al., 2003 respectively.
In this paper, we aim to interpret the active deformation of Gulf of Guinea bound by the latitude -10.0 o to 4.0 o N and longitude -25 o to -11.0 o E through estimation of seismotectonic stress based on inversion of earthquake focal mechanism solutions, with emphasis on reconstruction of the consistent seismotectonic stress state. In fact, prior to stress estimation, we required delineating the major structural domain through an in-depth understanding of present geodynamics. Thus, this study attempts to determine the stress tensor inversion of the investigated zones exclusively for: (1). the dimension of azimuthal variation of compressional axis related to existing geodynamics of the region and (2) the significance of seismotectonic mechanisms related to four major fracture lines. The aforementioned features are directly or indirectly connected to stress accumulation and discharge of the intra-plate earthquake on the adjoining areas of the gulf of Guinea (continental crust of West Africa), with the scope of seismic hazard assessment and its mitigation pertaining to the occurrence of future large earthquakes. We finally intend to better characterize the interplate deformation in gulf of Guinea and its kinematic implications on the sub-Sahara West African region, with emphasis on the west
African rift system along the Cameroun volcanic line (CVL). Freeth (1977) described the regional tectonics of the west Africa and the gulf of Guinea from a "membrane tectonics" perspective: The West Africa and the Gulf of Guinea with peripheral "compression" was transformed into peripheral "tension", as African plate moved across the equator having Africa and south America split apart, where a major rift opened up into west Africa rift system during Hauterivian to Turonian times (Burke et al., 1971; Burke and Whiteman, 1973) . The rifts are the lower Benue-rift and the Yola rift (Burke et al., 1972) . This involved the separation of continents and zones of major weaknesses in between the eastern ends of the Yola rift and the Red sea rift which is termed as the effective centre of the African plate known as "Jebel Marra" which is a major geographical feature. This "effective centre" moves towards the equator, as the portion of the plate on the same side of the equator known as the "effective centre" experiences peripheral compression, towards south of the equator during early Cretaceous to Eocene times (Freeth, 1977) .
TECTONIC SETTINGS
Post early Cretaceous, to Eocene times, "Jebel Marra" moved away from equator, therefore, peripheral extension was experienced, north of the equator. Having acted upon the west African rifts are evidences of peripheral extension or compression, in which resulting membrane effects were therefore completely swamped by the stresses, which opened the Atlantic and the west African rift systems. During the last 30 m.y. "Jebel Marra" has been moving northwards, away from the equator. This is the period of the formation of rifts opening up in west Africa and the Gulf of Guinea, with major rift formation known as the Cameroun volcanic line (CVL) extending up to one thousand and eight hundred kilometers (1,800 Km), from the offshore (gulf of Guinea) up to the central African republic (Tokam et al., 2010 and Adams et al., 2015) . Brazil (Brown and Fairhead, 1983; Dorbath et al., 1986 and Adams et al., 2015,) . CVL comprises of a chain of Tertiary to recent alkaline volcanoes, which split into two arms. One running northward into the northeast of Nigeria, forming Biu plateau, while the other arm of CVL runs eastwards through Nagoundere plateau of eastern Cameroun (Fitton, 1980) thereby forming a "Y" shaped volcanic feature.
Based on long-baseline geodetic GPS data from Africa to Eurasia Kreemer et al. (2014) there is indication that within the framework of northerly extension of gulf of Guinea (25 mm/yr), the present day deformation is statistically significant, relative to mainland Africa which comprises of Guinea, Liberia, Ivory-coast, Ghana, Togo, Benin, Nigeria and Cameroun.
Data Used
The global centroid moment tensor (GCMT) and the International seismological centre (ISC) data catalogue revealed the presence of four types of available focal mechanism solutions (strike-slip, normal, thrust and oblique) that are Present along the existing fracture zones of the gulf of Guinea region. Altogether 104 FMS data used were obtained from global centriod moment tensor (GCMT) known as Harvard CMT Dziewonski et al. (1981) ; Ekström et al. (2012) and International seismological centre (ISC) catalogue project where magnitude ) ( w M ranges from 4.8-7.1 and depth range (Km) varies from 3.0-33.2 Km. From the time period of 1977-2016. Since different types of focal mechanism solutions are available for the study region, specific types of focal mechanism solutions are more prevalent than the others. Therefore, the focal mechanism solutions are not uniform and neither are these focal mechanism solutions are likely to be controlled by a single fault system with similar orientations.
The epicentral pattern of the studied region can be broadly divided into three, namely:
area around the Cameroun volcanic line (CVL), with moderate to active seismicity, the rest of the adjoining area of the gulf of Guinea (west Africa sub-continent) with less seismicity and the gulf of Guinea region, which its earthquake sources has been categorized by the ISC and the GCMT as well as other seismological organizations into: The north of Ascension island, Ascension island and central mid Atlantic ridge with active seismicity. However, due to non availability of FMS data, stress tensor inversion could only be carried out on the gulf of Guinea region alone. The FMS data of the studied zone is mainly characterized by normal, strike-slip, oblique and very few thrust fault mechanism.
METHODOLOGY

Seismicity
In order to completely understand the seismicity pattern of the Gulf of Guinea and its implications on the sub Sahara west African region, a total of one thousand and one hundred
(1,100) numbers of earthquake events were collected from International seismological centre (ISC), which comprised of historical and recent seismic data from the period of 1900-2016 and
range of 3.0-7.1. Figure 1 presents the seismicity pattern of the studied area. 
Quality Assessment of the Employed Focal Mechanism Solutions
The earthquake events of which the fault plane solutions were used in our stress tensor inversion (STI) analysis were recorded teleseismically around the world. The global centriod moment tensor (GCMT) catalogue contains two descriptions of moment tensor for every earthquake source. The first one contains the azimuths ( :   13  12  33  22  11 , , , , u u u u u and 23 u the standard error estimates is made up of the standard error tensor denoted by U. In this study, we employed various statistical approaches that are useful tools in measuring the quality of the focal mechanism solutions employed. The first parameter we considered is the ƒ CLVD . This is the sign ratio of the amplitudes of the intermediate and largest principal moments, an indicator used to determine the similarity of a particular focal mechanism solution (FMS) to a compensated linear vector dipole (CLVD), which is same as earthquake produced by faulting occurring simultaneously along series of properly oriented non parallel surfaces or more similar to a double-couple solution (emergence of earthquake by slip on a planar surface). Sanchez and Nuuez (2009) define ƒ CLVD statistic as :
Whenever a compensated linear vector dipole (CLVD) nears ±0.5 the extreme value of ƒ CLVD , this implies that the orientation of the T, B and P axes are not conclusive.
Simultaneously, we also consider evaluating a relative error (E rel ) for the respective focal mechanism solutions employed in the stress tensor inversion analysis. The E rel compares the relative size of moment tensor M and its standard error tensor U (Davis and Frohlich, 1995; Frohlich et al., 1997 and Sanchez and Nuuez, 2009 ). Mathematical expression for E rel is given below as:
The use of colon denotes the tensor scalar product, if A snd B are tensors, their respective elements are a ij and b ij , then A:
. We therefore consider (E rel ) as the norm of U divided by the norm of M. 1 0 rel E . In practice, it is usually advisable to seek for values of E rel as low or small as possible .
The next parameter that we examined for the quality assessment of the employed FMS is the free n . This takes into consideration the numbers of moment tensor components of an earthquake source that is not equal to zero. For an instance, if a particular element ij m of the moment tensor is equal to zero, the associated standard error ij u is also equal to zero. Hence, free n is determined by counting the number of elements of U that satisfy the condition . 0 ij u This is an important factor for shallow earthquake sources, whereby the CMT constrains the 12 m and 13 m elements of the moment tensor to be exactly zero. The geometrical effect of restricting one of the , P T or B axes to the vertical and the two others are confined to the horizontal plane. However, constraining the , P T or B axes to the vertical in the case of pure double couples for shallow earthquakes is equivalent to having a perfect strike-slip, normal or thrust fault.
Out of the 463 FMS reported by the ISC and GCMT for the gulf of Guinea region, only 104 satisfy the three aforementioned conditions. Our computed values for ƒ CLVD for the gulf of Guinea region range between -0.007-0.275; (E rel ) , varies between 0.096-1.00 and earthquake events that are made up of moment tensor component of free n = 6 was also considered for the STI analysis. These are the criteria upon which the selected 104 FMS data for this study were based upon.
FMS Data Preparation and Stress Tensor Inversion (STI)
Stress tensor inversion analysis was done by selection of one hundred and four (104) FMS data on global centroid moment tensor (GCMT) catalogue Dziewonski et al. (1981) and Ekström et al. (2012) as compiled in table 1. Statistical analyses of these data were prepared for:
depth, magnitude and time which are depicted through histogram ( Figure 2) . Figure 3 represents the beach ball presentation of the focal mechanism solutions associated with the earthquake events in respective tectonic zones of the investigated region. Respective beach balls were generated using Rake software Louvari and Kiratzi (1997) ,
The beach balls were divided into four subzones, associated to four fracture zones, based on the corresponding tectonic domain. The focal parameters of the fault plane solutions utilized in this study (supplementary) and the direction of the stress tensor were calculated and determined using the inversion algorithm of Michael (1984 Michael ( , 1987 also known as Michael's method and Zalohar & Vrabec (2007) known as Gauss method, simultaneously, in order to constrain the consistency of inferred results. Inversion results of the 104 fault plane solutions are zone-wise tabulated in Table 2 . The operational principles of the Gauss method is based upon the concept of best fit of stress tensor, with consideration for angular misfit between resolved shear stress and actual direction of movement of fault plane. Secondly, it also takes into account the ratio between the normal and shear stress on fault plane. The optimal stress tensors for each homogeneous sub-system of faults are found by maximizing the object function, which is defined through a summation of the compatibility function for all the focal mechanism solutions.
Michael's principle works upon a condition that must be satisfied by the input data. During the observed time interval, stress is assumed to be uniform in respective zones of investigation, earthquakes are assumed to be shear-dislocated on pre-existing faults and slips occur in the Figure 3 : Map showing the selected 104 focal mechanism solutions in the study region. All focal mechanism solutions are shown by conventional beach-ball illustrations of global CMT solutions 
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RESULT
Stress Inversion and Earthquake Mechanisms: Seismotectonic Consideration
In order to examine the homogeneity or variations in stress regime within the identified active seismicity zone (clusters of earthquake events) in the Gulf of Guinea (Figure 1 ). Methods of Michael (1984 Michael ( , 1987 and Gauss by Zalohar and Vrabec (2007) have been implemented. The results of stress tensor inversion for each of the mentioned four fracture zones are shown in Table 2 . The principal stresses and obtained orientations from Michael and Gauss methods are illustrated in Figure 4 . Romanche fracture zone comprised of stress tensor inversion of 36 focal mechanism solutions which shows that the principal extensional axis 3 is along N-E direction.
Michael method revealed azimuthal, plunge and phi measurement of this zone, for principal extensional axis ( 
Synthesis of Stress Tensor Inversion Result and World Stress Map Project
The obtained stress tensor Inversion results of the present investigation have been supported by data of world stress map (WSM) project Heidbach et al. (2016) figure 5 . The derived stress map from the result of the present study as it is, in figure 4 was synthesized with the existing global stress map of the studied region figure 5. On a broader scale, two main tectonic stress regimes [strike-slip and extensional stress regime] have been identified that are primarily associated with seismic activities in the Gulf of Guinea. However, two of the existing stress regimes have been well indicated in this study. There is possibility of development of a new stress regime perhaps in its initial stage (figure 5). The red small rectangular box, contains just two focal mechanism (FMS) data belonging to Thrust fault. As such, no stress tensor inversion could be done, due to limited availability of FMS data.
Romanche fracture zone is characterized with strike slip stress regime and its stress orientation is well located, while Chain-Romanche, Charcot and Ascension fracture zones are characterized by extensional stress regimes respectively, each with different degrees of orientation. The outcome of our stress tensor inversion result and the WSM data map project of the same region have been synthesized together to generate a detailed and current seismotectonic map of the investigated region. A comprehensive explanation of the present day seismotectonic stress regimes of the gulf of Guinea and its kinematic implication on its adjoining region is presented in figure 6.
Discussion
The study region is quite large enough and has significant implications for seismic hazard assessment of the adjoining continental region of sub-Sahara West Africa because of the presence of five regional fracture zones that are oceanic and continental by extension. The
Michael and Gauss methods of stress tensor inversion analysis employed in this work provide reliable and stable results. The results of the two methods are relatively comparable in terms of stress axes orientation and stress regimes determination ( Table 2) .
The synthesized stress pattern from focal parameters and associated earthquake events of the seismogenic zones could be inferred. These seismogenic zones can be categorized into three (1960) and Nikonov (1976) from the clusters of the earthquake events within the gulf of Guinea.
It is obvious that tectonic stresses are being released on a regular basis within the studied zone (gulf of Guinea). However, amidst and closer to the clusters of the seismic events, lies an array of submarine volcanic field, within the oceanic segment, which is obvious on the continental segment extending up to Cameroun, Sudan Chad and Algeria. Historically, volcanic eruption along the CVL, on mount Cameroun a subset of the continental segment of CVL took place in 1986 , 1999 and 2000 (Fomine, 2011 and Suh et al., 2003 .
Conclusion
We have determined the regional stress regime and its orientation in the Gulf of Guinea as well as its kinematic implications on the adjoining sub-Sahara West Africa region, which was not previously known. The result obtained from our investigation gives a better understanding to the tectonics stress regime of the Gulf of Guinea and a better insight to the work of the earlier researchers.
Since the adjoining region of the Gulf of Guinea (the West African sub region) is characterized by regional fracture/fault zones that originated from the Gulf of Guinea. The resultant effects from the Gulf of Guinea are easily propagated through these medium to manifest themselves in various ways, which can be described as follows:
First of all, the investigated region lies on the lithospheric plate boundaries in between the south America and the African plates, there exists a plate boundary forces as well as potential energy and the ridge-push forces estimated around 2-3×10 12 N per metre of the ridge length (Lister, 1975; Parson and Ritcher, 1980 and Coblentz et al., 1994) . As a result of this, stresses are being generated. The orientation of the generated stress on the Gulf of Guinea, which are mainly extensional stress regime became zones of weakness and tends to fracture as a result of action of forces per unit area (stress = F/A). These explain the origin of the multiple and regional fracture zones in the gulf of Guinea ( Blundel (1976) and Yarwood and Doser (1990) but also the seismicity of the West African region can be further explained as a result of release of built up stress in the Gulf of Guinea along the axial orientation of extensional stress regimes, which are towards and along the existing fracture zones in the gulf of Guinea, up to the African continent. This is evident in the progression/migration of earthquake events from the gulf of Guinea to the West African sub region (Figure 1) .
The West African rift system, along the Cameroun volcanic line (CVL) is mainly a result of ridge push forces exerted on the CVL from the mid Atlantic ridge in the Gulf of Guinea and gravitational potential energy along the mountainous region on the continent in Cameroun. We also observed a direct connection of the CVL to the mid Atlantic ridge system through Charcot and Ascension fracture zones. The present extensional stress regime within the Charcot subzones is oriented towards and along the West African rift system or the CVL. This implies that the West African rift system is still in its active stage of rifting. Hence a linear progression and migration of earthquakes are observed from the mid Atlantic ridge in Gulf of Guinea through the CVL up to Chad region in (Figure 1) .
Results obtained from our work also suggest that the incessant eruptions of the CVL could be due to mechanical coupling between the Gulf of Guinea fracture zones (Chain, Charcot and Ascension) and magmatic systems, due to stress release from large earthquakes on to the magmatic body, thereby perturbing the system and triggering volcanic eruptions. For as long as the orientation of stress from the gulf of Guinea is towards the CVL, the CVL will remain an active volcano for years to come, unless the stress regime axial direction is rotated away from the CVL.
All in all, this work also corroborates the hypothesis of Blundell (1976) , which suggested an early stage of development of a new plate boundary, possibly through fault propagation but not rifting processes, along the Akwaipim fault zone (Ghana) into the continent, as a result of active tectonism from Romanche fracture zone to Akwaipim fault zone.
Our work concludes that similar activities could be true of Kandi regional fault line, on the shore of West Africa, in between Benin republic and Nigeria up to Hogga, a volcanic zone in Algeria North Africa.
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